The structural and functional analyses of heterochromatin are essential to understanding how heterochromatic genes are regulated and how centromeric chromatin is formed. Because the repetitive nature of heterochromatin hampers its genome analysis, new approaches need to be developed. Here, we describe how, in double mutants for Su(var)3-9 and SuUR genes encoding two structural proteins of heterochromatin, new banded heterochromatic segments appear in all polytene chromosomes due to the strong suppression of under-replication in pericentric regions. FISH on salivary gland polytene chromosomes from these double mutant larvae allows high resolution of heterochromatin mapping. In addition, immunostaining experiments with a set of antibodies against euchromatic and heterochromatic proteins reveal their unusual combinations in the newly appeared segments: binding patterns for HP1 and HP2 are coincident, but both are distinct from H3diMetK9 and H4triMetK20. In several regions, partial overlapping staining is observed for the proteins characteristic of active chromatin RNA Pol II, H3triMetK4, Z4, and JIL1, the boundary protein BEAF, and the heterochromatin-enriched proteins HP1, HP2, and SU(VAR)3-7. The exact cytological position of the centromere of chromosome 3 was visualized on salivary gland polytene chromosomes by using the centromeric dodeca satellite and the centromeric protein CID. This region is enriched in H3diMetK9 and H4triMetK20 but is devoid of other proteins analyzed.
T
he release of the sequence of the Drosophila melanogaster genome has greatly facilitated structural and functional studies in this model organism (1) . At present, only the euchromatic part of the genome has been assembled (2, 3) . Approximately 14,601 gene models are predicted to exist in the euchromatin, whereas the heterochromatin, constituting Ϸ30% of the genome, is estimated to harbor Ϸ450 genes (4) . A number of heterochromatic loci have been molecularly characterized, such as Parp, rolled, light, Dbp80, RpL15, etc. (5) (6) (7) (8) , and several detailed analyses of heterochromatic regions have been presented (8) (9) (10) (11) (12) . However, their precise localization relative to other sequenced portions of the genome remains unknown. In situ hybridization on mitotic chromosomes has been successfully used to map bacterial artificial chromosomes (BACs) (4, 9, 13-16) as well as highly repeated DNA sequences (9, (17) (18) (19) (20) . Unfortunately, resolution of this approach remains low (Ϸ1 Mb) because of the small linear size of mitotic chromosome. Therefore, novel approaches to mapping heterochromatic DNA sequences on the physical map are needed.
Pericentric heterochromatin in salivary glands is largely underreplicated and forms the chromocenter. This hampers highresolution mapping of heterochromatic DNA sequences via in situ hybridization. However, the use of polytene chromosomes from mutants where under-replication of pericentric heterochromatin is significantly reduced would be advantageous. Only two such mutant systems have been previously described. The first one corresponds to polytene chromosomes from pseudonurse cells of otu 11 mutants, which have pericentric heterochromatin regions replicated to a higher extent than salivary glands (21) (22) (23) . Unfortunately, isolation of polytene chromosomes from pseudonurse cells is very laborious. The second one corresponds to polytene chromosomes from salivary glands of SuUR mutants. In these chromosomes, a higher polytenization degree is observed for the euchromatin-to-heterochromatin transition zones and some of the mitotic heterochromatin sequences. This system has serious limitations because most of the deep heterochromatin regions remain under-replicated and most of the DNA sequences that undergo extra polytenization remain tightly compacted (23) (24) (25) (26) . Consequently, we have developed a method that makes salivary gland polytene chromosome heterochromatin more amenable to cytogenetic study. This approach is based on the unique effect of SuUR Su(var)3-9 06 double mutants on polytene chromosomes' morphology. The histone-methyltransferase (HMTase) SU(VAR)3-9, in concert with HP1 and SU(VAR)3-7 proteins, is believed to define the compacted state of heterochromatin (27) (28) (29) (30) . Mutants for any of these genes show dramatically decompacted heterochromatin (31, 32) . As opposed to SuUR mutants, the polytene chromosomes from SuUR Su(var)3-9 06 double mutants show polytenization of additional blocks of deep pericentric heterochromatin. This phenomenon has allowed us to use polytene chromosomes for mapping both distal and proximal heterochromatic sequences, and to investigate the chromosome distribution of heterochromatic and euchromatic proteins.
Results and Discussion

Morphology of Chromosome 3 Pericentric Heterochromatin in Salivary
Gland Chromosomes of SuUR Su(var)3-9 06 Double Mutants. In wildtype salivary glands, pericentric regions are usually fused to form a common structureless chromocenter and do not display a clear banding pattern. In the present work, we have focused our efforts on the characterization of chromosome 3 pericentric heterochromatin. In SuUR mutants, a large block of chromatin appears between the euchromatic bands 80C and 81F, and it is referred to as the Plato Atlantis (PA) (24) . Within this region six subdivisions were defined, PAA to PAF (33) . Importantly, additional polytenized structures with a clear banding pattern appear in PA when using SuUR Su(var)3-9 06 double mutants ( Fig. 1) . Thus, in double mutant homozygotes, the overall length of PA significantly increases and over 50 bands can be detected between bands 80C and 81F ( Fig. 1 B and C) . The banding pattern within this region is reproducible, although some variability in the faint structure is observed. The new PA bands have also been grouped into the six previously defined subdivisions (33) . For instance, subdivision PAC displays up to 20 novel bands, which were never observed in SuUR mutants, and PAF harbors up to 15 bands, whereas in SuUR mutants even highresolution EM analysis allowed visualization of fewer than 3-4 (33) . Altogether, the pericentric heterochromatin of chromosome 3 in SuUR Su(var) [3] [4] [5] [6] [7] [8] [9] 06 double mutants displays an increased polytenization that roughly corresponds to 3-4 euchromatic subdivisions. Given that the euchromatic part of D. melanogaster genome comprises 117 Mb (4), we estimated that PA account for Ϸ3-5 Mb.
Both SuUR and Su(var)3-9 06 mutations independently affect the polytenization level of different heterochromatic domains (32) . However, SuUR Su(var)3-9 06 double mutants display a clear additive effect in terms of improved structure of pericentric regions. It is conceivable that upon depletion of the SU(VAR)3-9 HMTase some heterochromatic regions are more sensitive to the increased polytenization caused by the SuUR mutation, and this may render such regions prone to acquire the observed euchromatin-like structure. Interestingly, simultaneous depletion of SUUR and HP1 in polytene chromosomes does not have the same effect, because it only moderately improves the SuUR-specific banding pattern [supporting information (SI) Fig. 5 ].
Genome Analysis of Repeated and Unique DNA Sequences Within 3LR
Heterochromatin. It had been previously found that the centric heterochromatin of chromosome 3 has two subtypes of the 1.688 satellite DNA family; the 353-bp (34) and 356-bp repeats (17) . These variants are located, respectively, at distal and proximal regions of 3L heterochromatin (17, 18) . To determine whether further 1.688 subtypes exist at the heterochromatin of chromosome 3, we screened three BAC libraries. Initially, the BAC library RPCI-98 was screened with a mixture of probes derived from the 356-bp and 353-bp subtypes. Restriction enzyme fingerprints and BAC-end sequences of positives clones revealed two contigs: one containing 260-bp arrays from h35-36 of chromosome 2 (18) and another containing a new subtype of the 1.688 satellite family (SI Table 1 ). The new variant was named 361 bp because its consensus repeat unit is around 361 bp long. Likewise, we have isolated contigs containing 356-bp and 353-bp repeats after the screening of the ''sheared DNA'' BAC libraries CHORI221 and CHORI223 with 356-bp and 353-bp probes, respectively (SI Table 1 ). BLASTN mapping of the BAC-end sequences onto Release 3.1 of the fly genome has allowed the linking of these contigs to GB-scaffolds: the 260-bp contig to AABU01002768, the 353-bp contig to AABU01002722, the 356-bp contig to AABU01002775 and AABU01002719, and the 361-bp contig to AABU01001489 and AABU01002142 (SI Table 1 ). FISH analyses on prometaphase chromosomes have shown that the BACs containing the 361-bp repeats derive from the same region where the 356-bp repeats were previously localized, h50-51 (35) . Next, we localized, with more precision, these BACs on polytene chromosomes. An example of FISH with BAC CHORI223-40H04 (SI Table 2 ) on wild-type Oregon R versus SuUR Su(var)3-9 06 polytene chromosomes is shown in Fig. 2 A, B, D , and E. In wild-type polytene chromosomes, hybridization signals were found in the chromocenter ( Fig. 2 A and D), but we were not able to obtain a more detailed mapping. In contrast, in polytene chromosomes from the double mutants, the hybridization signal with this probe was easily detected at PAA-B and PAD ( Fig. 2 B and E) . Because CHORI223-40H04 is known to encompass the 353-bp subtype of the 1.688 satellite family (SI Table 2 ), the proximal signal (PAD) is due to cross-hybridization with the 356 arrays. Unsurprisingly, the same two sites were observed using CHORI221-29H24, a BAC containing 356-bp repeats (SI Table 2 and Fig. 2O ). On the other hand, using BAC RPCI-98-25K12 as a probe (SI Table 2 ), a strong and clear signal in region PAD appeared ( Fig. 2 C and F) . The same result was obtained when the probe was RPCI-98-25B17, RPCI-98-22B20, or just 361-bp repeats (SI Table 2 and Fig. 2O ). Importantly, BAC RPCI-98-25J12 gave three signals, but the one in common with the others 361-containing BACs extends in the direction of PAE (Fig. 2O, top) . This result has allowed the localization of the 361-bp repeats in a more proximal region than the 356-bp repeats, h51 and h50p, respectively (Fig.  2O, bottom) .
In agreement with data of Koryakov and collaborators (23) obtained on the otu11 SuUR mutants, in the double mutant, the 1.705 satellite from h57 (20) and the 1.686 satellite from h48 (20) showed no signal in PA. However, the 1.672 satellite, which was located at the heteroeuchromatic junction on 3R (36), hybridizes in region 81F (SI Table 2 and Fig. 2O ). FISH experiments with DNA probes from auxillin and Gel localize these genes at the same region (SI Table 2 and Fig. 2 G and O) .
Because the majority of the heterochromatic scaffolds are unordered and in random orientation, we made an attempt to order a set of unique DNA probes located within these heterochromatic scaffolds from chromosome 3: CG12460 (AABU01002755), Parp (AABU01002763), RpL15 (AABU01002497), and gfat1 (AABU01002542) (SI Table 2 and Fig. 2 H-J and O) . Among these DNA probes only RpL15 and Parp were previously mapped to h51 (37) and h56 (5), respectively. However, recent FISH experiments on prometaphase chromosomes have shown that BACs containing Parp sequences localize at h58 (35) in agreement with the FISH location of Parp at region PAF (Fig. 2O) . The linear order of these scaffolds is AABU01002755, AABU01002497, AABU01002763, and AABU01002542. The location of Snap25 (AABU01002755) at h48 (38) agrees with our data. Recently, the gene nrm was mapped to polytene 80A1-B1 region (15) . Our FISH data on PA is in complete agreement with this finding but differs from FlyBase data (80C) (SI Table 2 and Fig. 2O) . Additionally, the ␣-cat gene mapped at h47 (15) is found located in 80B (Fig. 2H ) (80F according to FlyBase).
When we used Circe DNA as a probe (SI Table 2 ) on polytene chromosomes, we obtained two labeling regions on 3LR heterochromatin (Fig. 2O) instead of the three obtained on metaphase chromosomes (39) . It seems that the Circe sequences interspersed with dodeca satellite at h53-54p (38) do not polytenize. The signal observed in PAE appears to derive from h52d and the one observed in PAF from h58p. The sequences between At the top, the pericentric heterochromatin (80A to 81F/82A) in polytene chromosome 3 is shown. In the middle, the map of heterochromatin regions (h47 to h58) of chromosome 3 is given. Below and above the mitotic map, the locations of DNA probes are given. These positions are depicted in the polytene chromosome and in the mitotic map with the same color as the one shown in the diagram at the bottom. The isolated BAC contigs, the GenBank scaffolds, and the relative positions of the three different 1.688 satellite variants (353, 356, and 361 bp) are shown in the diagram at the bottom. The wide usage of BACs for heterochromatin mapping is restricted by its composition in repetitive sequences. Thus, the BAC CHORI221-27P10 that derives from h53 almost stains the totality of PA and other euchromatic regions (top).
the TTCTC repeats at h57 and Parp correspond to the AABU1002716 scaffold.
HeT-A retroelements were found at region h55 (40) and enriched in the Y chromosome (9, 41, 42) . However, in polytene chromosomes from double mutants, the hybridization signals were only seen in the telomeres and within a small region of pericentric heterochromatin, which we failed to assign to a certain chromosome arm. It seems that the two HeT-A elements and the small dodeca satellite block found at h55 (40) remain under-replicated.
Our mapping of 3LR heterochromatin illustrates that Plato Atlantis is formed by the heterochromatin regions h49-58.
Immunocytological Analysis of Chromosomal Proteins Within the
Plato Atlantis. Different chromatin domains are distinguished by specific histone modifications and by non-histone protein complexes. In Drosophila, pericentric heterochromatin is known to be predominantly characterized by H3K9 and H3K27 mono-, di-, and trimethylation states and H4K20 trimethylation (43) (44) (45) . The SU(VAR)3-9 HMTase provides most of the H3K9 methylation, which establishes SU(VAR)3-9/HP1/SU(VAR)3-7 protein complexes (46, 47) .
In wild-type larvae the bulk of the chromocenter material is enriched in heterochromatic proteins and is almost devoid of euchromatin-specific proteins (45, 48) . Similar distribution patterns are observed in SuUR mutants (SI Fig. 6 ). By contrast, in polytene chromosomes from SuUR Su(var) [3] [4] [5] [6] [7] [8] [9] 06 homozygous larvae [depletion of SuUR and Su(var)3-9 products] all of the proteins tested display discontinuous binding to distinct and essentially reproducible sites (Figs. 3 and 4) .
HP1 showed predominant association with distinct sites within regions 80A-C, PAA-PAB, PAD, PAF, and 81F (Fig. 3 A, D, and  G) . It must be underlined that strong HP1 painting could only be detected in decondensed regions of PA and/or borders of bands (SI Fig. 7) . We also found that HP1 and HP2 colocalized (Fig. 3J) as previously described (49) . H3diMetK9 was found at rare sites within PA (Fig. 3 B, E, and H) and, surprisingly, this pattern does not seem to overlap with that of HP1, except for the region PAA, where both proteins are abundant. Thus, we conclude that most of HP1 found in PA associates with chromatin independently of H3diMetK9.
HP1 binding to the chromocenter heterochromatin depends on SU(VAR)3-9 and not on SU(VAR) 3-7 (31, 43) . In SuUR Su(var)3-9 06 mutants, we have observed that the SU(VAR)3-7 protein binds to the HP1 sites, but its pattern is broader (Fig. 3  C, F, and I) .
Another marker of Drosophila pericentric heterochromatin, ⌯4triMet⌲20, is considered to be recruited by HP1 (44) . This chromatin mark is depleted in Su(var)2-5 (HP1) mutants and is significantly reduced in the chromocenter in a Su(var)3-9 mutant background (44) . In SuUR Su(var)3-9 06 mutants, several regions of binding for ⌯4triMet⌲20 were observed (Fig. 3 B, K, and L) , but the pattern is distinct from that of HP1.
When we observed the changes in chromosome morphology, namely formation of banding pattern, associated with ''euchromatinization'' of heterochromatin upon SUUR and SU(VAR)3-9 depletion, we questioned whether euchromatic proteins were present in these regions. Recently, H3triMetK4 (50) and the elongating form of RNA Pol II (51) were shown to correlate with transcriptionally active chromatin. The JIL-1 H3S10 kinase (52) and the Z4 protein (53) , which is proposed to interact with some remodeling complexes (54) , also are detected in decondensed regions along the chromosomes (45) .
We found all these euchromatic proteins to show several binding sites within the PA (Fig. 4) at those regions where no H3diMetK9 and ⌯4triMet⌲20 were present (Figs. 3 and 4) . These findings imply that some regions within the PA are able to acquire open chromatin conformation. Interestingly, those regions are characterized by HP1, HP2, and SU(VAR)3-7 accumulation (Fig. 3 G, J, and I) . Recently, it was shown that HP1 associates with repeats flanking heterochromatic genes and is necessary for both their organization and expression (55) . Several essential genes with unknown functions are present within mitotic h50-h51 blocks, which we found to roughly correlate to polytene PAB region (Fig. 2O) . Further studies are needed to understand whether these genes are active in salivary glands, as it was observed for rolled (6) . We have observed a strong painting for both H3diMetK9 and ⌯4triMet⌲20 in PAC and PAE, where HP1, HP2, SU(VAR)3-7 and the euchromatic proteins tested only showed weak signals. This finding is of particular interest, because PAE encompasses the polytenized centromere region (see below).
BEAF is one of the best studied barrier proteins in Drosophila and it is also considered to delimit the heterochromatin domains (56) . However, no BEAF binding sites were observed around pericentric regions of wild-type polytene chromosomes, possibly because of under-replication of DNA targets. Consistent with this idea, we observed reproducible staining for BEAF within PA (Fig. 4 D, H , and L).
Centromere Region: Visualization and Protein-Pattern Analysis. Centromeric sequences do not seem to be broadly conserved throughout evolution, although examples of conserved centromeric satellite DNAs in related species are abundant. Dodeca satellite is present in the centromeric region of chromosome 3 of D. melanogaster and in the centromeric region of chromosomes 2 and 3 of Drosophila simulans and Drosophila mauritiana (10, 19) . Centromeric nucleosomes contain the centromere-specific histone H3 variant CENP-A, CID in Drosophila (57, 58) . To map the centromere of chromosome 3 in polytene chromosomes, we first performed FISH mapping of both dodeca satellite (SI Table  2 ) and BAC CHORI223-11M22, which derives from region h53 (35) . Next, we localized CID by indirect immunostaining. All three centromeric markers localized in region PAE (Fig. 2 K-O) . Thus, these results represent an example of cytological visualization of a centromere in salivary gland polytene chromosomes. In the PAE region, localization of proteins is specific: H3diMetK9 and H4triMetK20 decorate PAE very strongly, whereas HP1, HP2, SU(VAR)3-7, and H3triMetK4 show weak signals. Our results on H3diMetK9 are in agreement with recent data showing that H3diMetK9 is present in the domain flanking the CID subdomain (59) and indicate that this methylation does not depend on SU(VAR)3-9.
In conclusion, in light of these results, we believe that salivary gland polytene chromosomes of SuUR Su(var)3-9 06 mutants represent a novel and useful system for mapping heterochromatin DNA sequences and for studying the intimate organization of heterochromatic domains. DNA Analysis and Sequencing. The BAC libraries RPCI-98, CHORI221, and CHORI223 were screened as described in ref.
Materials and Methods
14. BAC end sequencing of positives clones was performed by using Big Dye termination reagents and ABI 3700 automated 
